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COLUMN AND PLATS COMPRESSIVE STRENGTHS 
OF AIRCRAFT STRUCTURAL MATERIALS 

21+S-T ALUMINUM- ALLOY SHEET 

By Eugene E. Lundquist, Evan H. Schuette 
George J. Heimerl, and J. Albert Roy 


SUMMARY 


Column and plate compressive strengths of 2 I 4 .S-T alu- 
minum-alloy sheet were determined both within and beyond 
the elastic range from tests of thin-strip columns and 
from local-instability tests of formed Z- and channel- 
section columns. These tests are the first of a series 
in an extensive research investigation to provide data 
on the structural strength of various aircraft materials. 
The results, which are presented in the form of curves 
and charts that may be used in the design and anal;/sis 
of aircraft structures, supersede preliminary results 
published previously. 


INTRODUCTION 


Column and plate members in an aircraft structure are 
the basic elements that fail by instability. If efficient 
structures are to be designed, the strength of these ele- 
ments must be known for the various aircraft materials. 

An extensive research program has therefore been under- 
taken at the Langley Memorial Aeronautical Laboratory to 
establish the column and plate compressive strengths for 
a number of the alloys available for use in aircraft 
structures. Reliable and rapid procedures for testing 
such materials have already been developed and are 
described in references 1 and 2. 

The first material tested during the present investi- 
gation was 2 I 4 .S-T aluminum- alloy sheet. The results for 
this material, given herein, supersede those contained 
in a preliminary report (reference 2). 
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SYMBOLS 


length of column 
radius of gyration 

fixity coefficient used in Euler column formula 
effective slenderness ratio of thin-strio column 


width of plate 

width of flange of Z- or channel section (see fig. 1) 

width of web of Z- or channel section (see fig. 1) 

inside radius of bend of Z- or channel section 
(see f i g . 1 ) 

thickness of plate 


n ond imen s i on a 1 coefficient used in plate-buckling 
f ormula 

coefficient k used with byy and t in plate - 
buckling formula (see fig. 2 soad reference 3) 

modulus of elasticity in compression, taken as 
.10,700 ksi for 2I4.S-T aluminum alloy 

nondimens ion al coefficient for columns (The value of 
t is so determined that when the effective 
modulus te c is substituted for E~ in the 
equation for elastic buckling of columns, the 
computed critical stress agrees with the 
experimentally observed value. The coefficient t 
is equal to unity within the elastic range and 
decreases with increasing stress beyond the elastic 
.r an ge . ) 

nondimensionsl coefficient for plates corresponding 
to t for columns 

Poisson's ratio, taken as 0.J for 2qS-T aluminum alloy 
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a cr critical compressive stress 
^max average compressive stress a.t maximum load 
compressive yield stress 

METHODS OP TESTING AND ANALYSIS 


All tests were made in hydraulic testing machines 
accurate to within three-fourths of 1 percent. The ends 
of the stress-strain specimens and the columns were ground 
flat and square. 

Stress-strain curves .- The compressive stress-strain 
data, which identify the material for correlation with 
its column and plate compressive strengths, were obtained 
from tests of s ingle -thickness specimens in a compression 
fixture of the Montgomery-Templin type shown in figure 3* 
This fixture was used only for flat compression specimens, 
which represented the material before forming. Infor- 
mation on the technique used in making these tests is 
presented in reference Ip. For the bent material in the 
corners of the formed Z- and channel sections, compression 
specimens were cut from the corner portion and tested in 
the special fixture shown in figure Ip • 

Column strength. - The column strength and the asso- 
ciated effective column modulus were obtained by testing 
thin-strip columns of the material with the ends clamped 
in fixtures of the type shown in figure 5* The use of 
end fixtures of this type is discussed in detail in 
reference 1. The fixtures used have been improved, and the 
method of analysis has been modified since the publication 
of reference 1. The method now used results in a column 
curve representative of nearly perfect column specimens. 

In addition, the method now takes into account the fact 
that columns of the dimensions tested are actually plates 
with two free edges. 

Plate compressive strengt h.- The plate compressive 
strength of the material was obtained from compression 
tests on Z- and channel-section columns so proportioned 
as to develop local instability, that is, instability of 
the plate elements of which they are comprised. (See 
fig. 6.) Inasmuch as the flanges and webs of such columns 
are in reality plates with various kinds of edge support, 
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the problem of local instability of these columns is a 
plate-buckling problem, and the plate compressive strength 
of the material was evaluated from these tests. The 
lengths of the columns were so chosen as to avoid column 
failure and still provide satisfactory local- instability 
data. These considerations are discussed in reference 5. 

The Z- and channel-section columns were tested with 
the ends bearing directly against the testing-machine 
heads , which were carefully alined fco insure uniform 
bearing on the column ends. A Z-section column under 
test is shewn in figure 7* The relative displacements of 
pointers, which were supported by extension arms attached 
to the flanges of the specimens, were measured by the 
optical micrometers that can be seen in figure 7. The 
displacement was taken as a measure of the cross-sectional 
distortion, and the critical compressive stress was obtained 
from stress-distortion curves of the type illustrated in 
figure 3. The critical stress was determined as the 
stress at the point near the top of the knee of the stress- 
distortion curve at which a marked increase in distortion 
first occurred with small increase in stress. (See fig. 3.) 


RESULTS AND DISCUSSION 


Because the compressive properties of aluminum- alloy 
sheet may vary appreciably, the data and charts of the 
present report should not be applied to the design of 
structures of 2JpS-T aluminum- alloy sheet having compressive 
properties appreciably different from those reported 
herein unless a suitable method is devised for adjusting 
test results to account for variations in material 
properties . 


Compressive Stress-Strain Curves 

Compressive stress-strain curves obtained for the 
flat sheet material used in making the columns are given 
in figure 9 for both ‘directions of grain. The Z-, channel, 
or thin-strip columns to which a particular stress-strain 
curve applies are indicated in table 1 , together with the 
value of the compressive yield stress ^ C y for that stress- 

strain curve. These values average approximately I 4 J 4 . ksi 
for the flat sheet material in the with-grein direction 
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and 1+9 ksi in the cross -grain direction. The modulus of 
elasticity in compression was taken as 10,700 ksi, the 
accepted value for 21+S-T aluminum alloy. 

When the flat sheet material is bent to an inside 
radius r of J>t to form a Z or channel, the cold work 
done on the material evidently raises the compressive 
yield stress for the curved corner portion above that for 
the flat web or flange, about 18 percent for the with- 
grain and 10 percent for the cross-grain direction. (See 
fig. 10. ) Because the curved corner specimens included 
along their edges some flat material (about 1+0 percent 
of the total area) for which the yield stress is lower 
than that for the curved portion, the actual increase in 
the compressive yield stress for the corner portion may 
be somewhat greater than the increase indicated in fig- 
ure 10. The important result to note is that the com- 
pressive properties of a formed section may not be uniform 
over the cross section. 


Column Strength 

The results of the tests of the thin-strip columns 
are given by the column curves of figure 11 for the two 
directions of grain. 

At stresses beyond the elastic range, the experi- 
mental values of a cr are lower than those computed by 
the Euler column formula (see elastic-buckling curve, 
fig. 11), because of the reduction in the effective 
modulus of elasticity. The effective modulus to be 
substituted for E c in the Euler column formula to bring 

calculated and experimental values of a cr into agreement 

is given as tE c , where t is a coefficient that is equal 
to unity in the elastic range and decreases with increasing 
stress beyond the elastic range. In structural calculations 
in which it is impossible to use directly values obtained 
from the column curve (fig. 11), the value of t for a 
given stress must be known. The variation of t with 
stress for columns is therefore shown in figure 12 for 
both directions of grain. 
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Plate Compressive Strength 


The results of the local-instability tests of the 
formed Z- and channel -section columns, used to determine 
the plate compressive strength, are given in tables 2 
and 3. The important relationships for compressed plates 
obtained from these tests are shown on the curves and 
design charts presented in the following paragraphs. 

Plate -buck! in g cu rve . - The plate-buckling curve, 
which - Ts analogous to the column curve, is shown in fig- 
ure 15 for plates loaded in the with-grain direction. 

Tne abscissa in figure 13 is suggested by transposing the 
plate -buckling equation 


a 


cr 


kTT?S t- 

O 

12(l-u £ )b 2 


( 1 ) 


to the form 


a 


cr 


rr 


c 



! 12 ( 1 - 
V k H 





j 


( 2 ) 


where the subscript W is added to make the terms b 
and k of the equation correspond to the entries in 
tables 2 and 3. The similarity between the form of 
equation ( 2 ) and the following form of the Euler column 
formula is to be noted: 


a 


cr 


A 

IT n. 


hid , 2 

Vp,V 


( 5 ) 


At stresses beyond the elastic range, as in the case 
of columns, the experimental values of c cr for plates 

are lower than those given by equation (2) fox’ elastic 
buckling (see elastic-buckling curve, fig. 13) , because 
of the reduction in the effective modulus of elasticity. 
The effective plate modulus corresponding to Tfi c for 

columns is given as r.£ c , and the varietioii of p 


wi th 
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stress is given, together with the variation of t, in 
figure 12. The crossing of the T - and r}- curves shown 
in figure 12 occurs because the formed columns apparently 
had an appreciable degree of imperfection, which resulted 
in the deviation of the r ; -curve from unity at a lower 
stress than that at which the T -curve, representative 
of nearly perfect columns, deviates from unity. 

Relationship of c cr to a cr /r] ion plates.- In 

problems concerned with the ""strength of plates, it is 
sometimes desirable to insert the value of t}S c for E c 

in the plate-buckling formula, equation (1), and to write 
the equation in the transposed form 


!cr = 

n i2(i-p 2 )b 2 



In this form the value of d cr /r; is given by the modulus 

of elasticity, Poisson's ratio, the geometric dimensions 
of the plate, and the coefficient k. The va lue of o cr 

can t hen be obtai ned by use of the curve of o cr against 
o or /n gi ven in figure lk. This curve may be obtained by 
plotting the data directly or by plotting from the faired 
curves of figure 13 . 

As in the case of equation (1), the subscripts W 
may be added to k and b of equation (k)> and ° cr /r) 

may be determined for a Z- or channel-section by the use 
of the formula and curve of figure 2. 

Maximum compressive strength of plate elements . - In 
the case of a plate loaded in longitudinal compression, 
the supported, or restrained and supported, side edges 
remain essentially straight after buckling and are capable 
of carrying additional load. As a consequence, there is 
a maximum strength for the plate that is greater than 
the buckling strength. 

Theoretical studies that appear in the literature 
concerning the ultimate strength of plates and the asso- 
ciated effective width of the plates after buckling 
indicate that the average stress at maximum load is 
related to the critical stress. It is therefore reason- 
able to assume that the average stress at maximum load 
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'< o ni n y. for tiis combination of plate elements that male 
channel-section column is 


max. 

the Z- or 
critical stress for 
e ,cp e r imen tel v a lues 
as o r 

v. 

ure a 


m 


v 


Iso related to the 
the comoi nation. Accordingly, the 
obtained are plotted in figure 15 
against the ratio a cr/%a.x> and from this fig- 


definite relationship is seen to exist between 


or 


and 


knax 


for a given value of b^-/t, 


In some cases, values of a.,, ar rather than o cr 

may be required in strength calculations. The values of 
o qj. are therefore plotted against. o c r /v t in figure 16 . 
The feasibility of mating such a plot is indicated by the 
relationship between o cr and a cr /r shown in figure 1I4. 
and the relationship between dnax end a cr shown in 
figure 15 . Figure lo is particularly useful because the 
quantity ° Ci »A is determined by known quantities 

according to the formula and curve of figure d. 


The reason for the difference in the curves of fig- 
ures Ip and l6 for different values of b,-./fc is not 

*ir 

fully understood. The stress-strain curves have Indicated, 
however, that the bending of the material in the forming 
of the columns raises the compressive yield stress for the 
material in the corners. (See fig. 10 .) An examination 
of the data showed that as by//t is reduced for a given 
thickness t and a given value of o cr /v, the total cross- 

sectional area is also reduced; the fixed area of high- 
strength bent material in the corners therefore becomes a 
higher percentage of the total area. This fact may account 
for the higher values of o^ax obtained at given values 


cr 


A: 


'or the Z- and chonne 1 -section columns with 


lower values of bvy/t. (See fig. 16 .) 


Sf fee t of g r ain d i meet ion o n_ plate strength . - The 
data on plate strength presented in figures 15 to 1 6 were 
obtained from columns loaded in the with-grain direction. 
In order to determine the effect of grain direction on the 
values of mv, and ~d, rnv , a few columns were constructed 

Uu Hi cl A 7 

and tested with the grain of the sheet at right angles 
to the axis of the column. These columns are herein 
designated cross -grain columns. 

In figures 17 and if , the data obtained from the 
cross-grain columns are plotted as experimental points 
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for comparison with curves taken from figures lip and 1 6 
for the with-grain columns. Only at the higher stresses, 
where the stress-strain curve for the cross-grain direction 
differs noticeably from the stress-strain curve for_the 
with-grain direction, are the values of o and ° 1VPlX 

greater for the cross -grain columns than for the with-grain 
columns. The average increase in the high-stress region 
was about percent for o cr and about 2 percent for O max 

whereas the cross-grain compressive yield stress was approx 
imately 11 percent greater than the with-grain compressive 
yield stress. 

Charts for local instability of Z- a nd channel-section 
columns’.- The plate compressive strength of the material 
was evaluated from tests of Z- and channel-section columns. 
The results of these tests, which provided this information 
regarding plates, may also be applied directly to formed 
Z- and channel-section columns that fail by local insta- 
bility. These' results can be conveniently summarized in 
the form of charts that give directly, in terms of the 
dimension ratios bp/bm and b^/t, the critical stress 

and the average stress at maximum load. Such charts, 
based on the theoretical curve of figure 2 and the experi- 
mental data, are given in figures 19 to 21. 


CONCLUDING REMARK 


The important conclusions of this report are embodied 
in the test data of column and plate compressive strengths, 
which are presented in the form of curves and charts that 
may be used in the design and analysis of aircraft 
structures of 2 I 4 .S-T aluminum- alloy sheet. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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TABLE 1.- COMPRESSIVE PROPERTIES OF 2 I 4 .S-T ALUMINUM- ALLOY SHEET 

[e c = 10,700 ksi] 



TABLE 2. - DIMENSIONS AND TEST RESULTS FOR FORMED Z-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY 



a For values of 

Vr = V^Bc* 2 , 

* 12(l-ii 2 )b w 2 


see figure 2. 

where E c = 10,700 ksi and 




0.3 • 


cv> 
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TABLE 2.- DIMENSIONS AND TEST RESULTS FOR FORMED Z-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued 




12 (l-n 2 )^’ 


where 


E c = 10,700 ksl and n = 


O.J. 
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TA3LE 2.- DIMENSIONS AND TEST RESULTS FOR FORMED Z-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued 



^o cr _ Vr^efc 
* 12(l-^ 2 )b w 2 ' 


where E c = 10,700 ksi and |x = 0 .$. 
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TABLE 2 .- DIMENSIONS AND TEST RESULTS FOR FORMED Z-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued 


Column 

4 - 

K 

bp 

(in.) 

T 

L/b* 

bw/ 1 

^f/^w 


b W, /l2(l-M-) 2 

dci» 




(in. ) 

Diu 

(i£.) 

( in. ) 

k w 

(a) 

Mf k w 

, T) 
(ksi) 
(b) 

°cr 
(ksi ) 

°max 
(ksi ) 

°cr 

°max 







With grain 







26 a 

0 . 12 k 

k.88 

1.95 

2k. 60 

5.1 

39.29 

o.koo 

3 . 7 k 

67.1 

23. k 

22.2 

28.3 

0.78k 

26 b 

.128 

k -87 

1.99 

2k. 62 

5.1 

38.18 

•k 09 

3.67 

65.8 

2k - 3 

23.9 

28.0 

.85k - 

26 c 

.12k 

k»88 

1.92 

20.30 

k.2 

39.1+7 

• 393 

3.78 

67.1 

in 

23.9 

28.9 

.827 

27 a 

.121 

k.87 

2 .L 5 

2k. 08 

k .9 

38.52 

.502 

2.88 

75.1 

18.1 

26.5 

.683 

.65b 

27b 

.126 

U .92 

2.kB 

2k.50 

5.0 

39.13 

•k 97 

2.92 

75.7 

7 k. 0 

18.5 

18.1 

27.6 

2 l c 

.129 

k -92 

2.W+ 

2k. 51 

5.0 

38.26 

• k 97 

2.92 

19.3 

19.3 

26.6 

.726 

28a 

. I2I4. 

k.91 

2.99 

2k. 1° 

k -9 

39.5k 

.609 

2.13 

8:2 

13.2 

12.0 

2 k. 9 

.k 83 i 

28b 

.127 

k.87 

2.97 

2k. 62 

5.1 

38.25 

.609 

2.lk 

lk.i 

13.8 

25.8 


28c 

.125 

k- 9 k 

2.93 

2k. 50 

5.0 

39.1+9 

• 595 

2.23 

87.U 

13.8 

12. k 

25.5 

29 a 

.127 

k.91 

3 . 1 a 

2 k.k 7 

5.0 

38.62 

.695 

1.72 

97 . k 

11.1 

10.1 

23.5 

•k 30 

29b 

.126 

k .90 

3.39 

2k. ko 

5.0 

38.93 

.692 

1.73 

97.3 

11.0 

10.5 

2k. 2 

•k 3 k - 

30 a 

.129 

k.92 

3.90 

2 k . 75 

5-0 

38.1k 

• 79 k 
.802 

1.37 

107.7 

9. 1 

8.9 

22.7 

• 393 

30b 

.128 

I4..88 

3.91 

2 k . 73 

5.1 

58.22 

1-55 

108.8 

8.9 

8.91 

23.0 

M 

30c 

• 12 5 

{<■•§9 

3.90 

2 k. 78 

5.1 

39.08 

.79? 

I.36 

110.7 

8.6 

8.01 

23.0 

! 31 a 

.126 

k.87 

L.Li 

2k. 70 

5.1 

38.62 

.90k 

1.08 

122.8 

7.0 

7 * 1 

21.9 

• 32 k 1 

, 31 b 

.128 

k.87 

k.ki 

2k. 70 

5.1 

38.15 

■M 

1.08 

121.3 

1.2 

8.1 

21.2 

.333 

31c 

.131 

U .92 

k.ko 

2k. 63 

5.0 

37. ko 

1.12 

116.8 

7.8 

6.7 

21.7 

.311 

32 a 

.129 

k .92 

k.88 

2 k . 61 

5.0 

38.06 

• 991 

.91 

131.8 

6.1 

6.k 

19.9 

.520 

32b 


k .90 

k.89 

2k. 5 k 

5.0 

39.10 

.998 

•89 

137.0 

138.2 

5-7 

5.6 

6.0 

19.9 

.301 -- 

32c 

• 1 24 

J +-90 

k.90 

2 k. k 5 

5.0 

39 . kk 

1.000 

.89 

6.1 

20.3 

.302 


a For values of k w , see figure 2 . 
b °cr V 2E c fc2 

= whore E = 10,700 ksi and [i = 0.3 . 

n lEd-ti 2 )^ 2 c 
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TABLE 2 .- DIMENSIONS AND TEST RESULTS FOR FORMED Z-SBCTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Concluded 


Column 

t 

(in.) 

bur 

(iff.) 

bp 

(ih.) 

L 

(In.) 

L/b„ 

b w/ t 

bp/byy 

k w 

(a) 

t V k w 

— AT 1 O 
cr «i^|o 

— H- H 

°cr 

(ksl) 

°max 

(ksl) 

g cr 

\ax 

Cross grain 

la 

0.105 

3.28 

1.99 

16.51 

5 . 01 + 

31.16 

0.607 

2.17 

69.9 

21.6 

21.2 

29.2 

0.726 

lb 

.105 

3.28 

1.98 

16.50 

5 . 01 + 

31.22 

.605 

2.18 

69.9 

21.6 

21.1+ 

30.0 

.713 - 

2a 

.105 

2.1+6 

1.1+8 

12.31 

5.00 

23.1+5 

.600 

2.20 

52.3 

58.7 

56.8 

38.6 

.953 

2 b 

.105 

2 . 1+7 

1 . 1+7 

12.31 

4.99 

2348 

.596 

2.23 

52.0 

39.1 

35.8 

38.5 

.930 

2 c 

.105 

2 . 1+6 

1 . 1+7 

12.31 

5.00 

23 . 1+8 

• 597 

2.22 

52.1 

39.0 

37 . 1 + 

38.5 

.971 

3 a 

.105 

2 . 01 + 

1.21 

10 . 1+2 

5 .H 

19.1+3 

.592 

2.25 

1+2.8 

57.6 

1 + 5.7 

1 + 7.6 

.960 

3 b 

.105 

2.05 

1.21 

10 . 1+2 

5.09 

19.51+ 

• 589 

2.27 

1+2.9 

57.5 

1 + 6.7 

1 + 7.6 

.981 -- 

3 c 

.105 

2 . 01 + 

1.21 

10 . 1+2 

5.11 

19 . 1+7 

♦ 591 

2.27 

1+2.7 

57.9 

1 + 6 . li 

1 + 7.5 

.977 

Ua 

.105 

1.77 

1.05 

8.00 

1+-53 

16.81 

.596 

2.25 

37.2 

76.3 

53-1 

51+.2 

.980 

Ub 

.105 

1.77 

1.05 

7.96 

1+.51 

16.81 

.596 

2.23 

37.2 

76.3 

50.8 

51+.1 

.939 

Uc 

.105 

1.77 

1.05 

8.00 

1+.53 

16.78 

.596 

2.23 

37.1 

76.6 

53.1 

51+.5 

.971+ 


a For values of k^. 


k w ff 2 E e t 2 

12 ( l-jj.2 ) byf- 


see figure 2 . 

where E c = 10,700 ksl 


and 




0.3 . 


cr> 


cr 

r\ 
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TABLE 3-- DIMENSIONS AND TEST RESULTS FOR CHANNEL-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY 


Column 

t 

( in. ) 

b w 

(in.) 

bp 

(in.) 

L 

( in. ) 

L/b^ 

b w /t 

V b w 

k w 

(a) 

b wll2(l-^) 2 
tjj k w 

0 cr 

T) 

(ksi) 

(b) 

0 cr 
(ksi) 

°max 

(ksi) 

1 

1 

°cr 

°max 

With grain 

1 

0.104 

1.44 

0.86 

6.02 

4.2 

13.83 

0.601 

2.18 

3,0.9 

110.0 

51.7 

56.5 

0.915 

2a 

.105 

1.47 

1.00 

6.04 

L.i 

13.91 

.684 

1.76 

34.6 

37.7 

51.0 

55.4 

.920 

2b 

.103 

1.45 

1.00 

6.01 

4.2 

l4.00 

.691 

1-73 

35-2 

05.3 

52.1 

53-9 

.967 T 

2c 

.103 

1-46 

•99 

6.01 

4.1 

14.10 

.683 

1.77 

35.0 

36.1 

52.0 

55.1 

•943 I 

3a 

.io4 

1.46 

1.15 

7-55 

5.2 

13.94 

.789 

1.38 

39-2 

68.6 

45.7' 

50.5 

.909 

?b 

.105 

1* 51 

1.11 

7.63 

5.1 

14.30 

.740 

1.54 

3,8. 1 

72.9 

49.3 

52.5 

•940 

La 

.104 

I .46 

1.31 

7.59 

5.2 

13.95 

.898 

1.10 

44.0 

54.5 

43.7 

46.0 

•939 

4b 

.104 

1.47 

1.30 

7.63 

5.2 

14.10 

.881 

1.13 

43.8 

55.O 

4-2.4 

45.8 

.926 

4c 

.104 

1.45 

1.30 

7-54 

5.2 

13.91 

.895 

1.11 

4-3.6 

55.3 

41.3 

43.8 

•945 

5a 

.102 

1.46 

1.43 

7.59 

5.2 

I 4 . 3 I 

.934 

•92 

49-3 

43.3 

37.C) 

4o.6 

•913 

5b 

.104 

1.48 

1.42 

7.59 

5.1 

14.25 

•959 

•97 

47.8 

46.2 

38.9 

41.5 

•939 

5c 

.104 

1.46 

1.43 

7.61 

5.2 

14.00 

• 983 

.91 

43.5 

44.3 

35.0 

39-4 

.903 

6a 

.104 

2.58 

1.03 

13.17 

5.1 

24.80 

• 397 

3-77 

42.2 

59-4 

44- 8 

47.1 

•953 

6b 

.105 

2.57 

1.02 

13.20 

5.2 

24.45 

-.397 

3.76 

41-7 

60.9 

46.5 

48.8 

•953 

6c 

.105 

2.57 

1.02 

13.22 

5.2 

24.4° 

.398 

3.76 

41.6 

61.1 

46.5 

48.3 

.963 • 

7« 

.104 

2.59 

1.27 

13.19 

5.1 

24.00 

.490 

2.98 

47.5 

46.9 

37-5 

41.3 

.909 

7b 

.105 

2.59 

1.27 

13.15 

5.1 

24.70 

.490 

2.98 

47.3 

47.2 

30.1 

42.0 

.906 

7c 

.103 

2.57 

1.27 

13.22 

5.1 

24.41 

• 493 

2.96 

4p.9 

47-5 

38.3 

41.7 

.918 

8 a 

.104 

2.59 

1-53 

13.17 

5.1 

24.80 

.589 

2.26 

54.5 

35.4 

31.4 

35-2 

.893 

8b 

.105 

2.55 

1.53 

13.12 

5.2 

24.20 

.598 

2.20 

53.9 

36.2 

31.0 

36.0 

.861 

8c 

.106 

2.55 

1.53 

13.14 

5.2 

24.15 

.598 

2.20 

53.8 

36.5 

31.3 

36.2 

.864 

9a 

.104 

2-59 

1.78 

13.09 

5.1 

24.80 

.688 

1.74 

62.2 

27.4 

26.7 

33.3 

.803 

9b 

.106 

2.58 

1.75 

13.14 

5.1 

24.40 

.678 

1.79 

60.3 

28.2 

26.4 

34.1 

.774 - 

9c 

.105 

2.58 

1.76 

13.12 

5.1 

24.50 

.681 

1.76 

61.0 

28.7 

26.4 

33.3 

.781 


a For values of k-y, see figure 2. 
a cr _ kw^Egt^ 

“ i2(i-n2) bw 2* 


where E c = 10,700 ksl and p, = 0*3 
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TABLE 3.- DIMENSIONS AND TEST RESULTS FOR CHANNEL-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued 


Column 

t 

b w x 

bp 

L 

L/b w 

by/t 

bp/b w 


b W.ll 2 (l-n) 2 
t V Ir 

°cr 

x \ 

°cr 

°max 



(In.) 

(In. ) 

(In. ) 

(in. ) 



z f *w 

(ksi ) 

(ksi ) 

(ksi) 










(a) 


...L b l_ 



°max 



With grain 

10a 

0.104 

2.59 

2.01 

13.12 

5-1 

24.84 

0.777 

1.41 

69.2 

22.1 

22.6 

31.4 

0.720 

10b 

.10lj 

2.57 

2.01 

13.14 

5.1 

24.60 

.781 

1.41 

bo. 5 

22.5 

22.7 

31.9 

•711 

10c 

.10s 

2.57 

2.02 

15.19 

5.1 

24.48 

.785 

i. 4 o 

68.4 

22.6 

21.2 

32.3 

.657 

lla 

lib 

.104 

.105 

2.01 

2.58 

2.28 

2.28 

I3.14 

I3.I8 

5.0 

5.1 

25.03 

24.43 

:a? 

1.15 

1.13 

77.2 

76.0 

17.8 

18.3 

15*8 

18.7 

3O.4 

30.6 

.520 

.611 

11c 

.ICS 

2.56 

2.30 

13.14 

5-1 

24.33 

.901 

1.09 

77 .° 

17.8 

l6. D 

30.2 

• 548 

12a 

.104 

2.61 

2.56 

13.13 

5.0 

25.11 

.980 

.93 

86.1 

14.2 

15.2 

28.8 

♦530 

12b 

.105 

2.58 

2.55 

13.19 

5-1 

24.62 

.988 

.915 

85.0 

l 4.6 

14.2 

29.1 

.487 

12c 

.105 

2.56 

2.56 

13.20 

5.2 

24.29 

1.001 

, - 9 9 

84*6 

, 14-7 

15.0 

29.2 

• 41+5 - 

13 a 

.103 

3.03 

• 93 

IS.61 

5-2 

29.32 

.308 

4.36 

46.4 

42-1 

58. 3 

4 l.l 

• 933 

13b 

.104 

3.07 

.92 

15 .66 

5.1 

29.53 

.298 

4.41 

46.5 

43.9 

49.8 

38.7 

42.2 

.917 

13 c 

.105 

3.07 

• 93 

15.67 

5.1 

29.18 

.503 

4.38 

46.1 

41.2 

43-2 

• 954 ' 

ll|.a 

.104 

3.07 

1.23 

15.66 

5.1 

29-48 

.400 

3.74 

50.4 

41.6 

36.7 

38.5 

• 95 £ 

lJ+b 

.103 

3.08 

1.22 

15 • 66 

5.1 

29.29 

• 398 

5.75 

50.0 

42.3 

37-5 

39- 1 

.958 - 

I4C 

.104 

3.09 

1.22 

15.64 

5.1 

29.64 

• 394 

3.79 

50.5 

41.7 

36.1 

38.5 

.937 

15 a 

.104 

3.06 

1.54 

15.69 

5.1 

29.46 

.502 

2.83 

57.4 

32.1 

31.1 

32.6 

•955 

15b 

.105 

5.09 

1-54 

? 5.63 

5.1 

29.38 

•499 

2.91 

56.9 

32.6 

29.4 

33*1 

• 386 

15 c 

.106 

3.06 

1-53 

5.67 

5.1 

29.04 

. 5 °p 

2.90 

56.4 

33-2 

29.1 

33-9 

. 856 

16 a 

.104 

3.07 

1.85 

^5.66 

5.1 

29.4? 

.604 

2.17 

66.1 

24.2 

23.1 

50.3 

•762 

16b 

.106 

3.11 

1.83 

15.65 

5.0 

29.38 

•588 

2.27 

64.4 

25.4 

23-7 

31.8 

•745 

l6c 

.105 

3.10 

1.86 

15.66 

5-1 

29.48 

.600 

2.20 

65.6 

24.5 

23.7 

31.7 

•749 

17 a 

.105 

3.08 

2.15 

15.67 

5.1 

29-48 

.698 

1.71 

74.5 

19.0 

19. 0 

2 9«3 

• 648 

17 b 

.103 

3.11 

2.12 

15.64 

5-0 

29-46 

.684 

1.77 

73.2 

19.7 

18.3 

29.8 

.613 

17c 

.106 

3.09 

2.14 

15.66 

5.1 

29.33 

.692 

1.73 

73-7 

19.5 

17.5 

30.8 

.570 - 


a For values of see figure 2. 


J cr 




rTt^ErV 


tl 12(l-^ 2 )b w 2 


where E c = 10,700 ksi and \i = 0*3 • 
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TABLE 3.- DIMENSIONS AND TEST RESULTS FOR CHANNEL-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued 


Column 

t 

(in.) 

b W 

(In.) 

bp 

(in.) 

L 

(in.) 

L/b w 


V b w 

k w 

(a) 

b W,[l2(l-n) 2 

r| k w 

°cr 

U 

(ksi ) 
(b) 

°cr 
(ksi ) 

°max 
(ksi ) 

°cr 

°max 







With grain 







18 a 

0.104 

3.07 

2.44 

15.67 

5*1 

29.44 

0.796 

1.37 

83.7 

15.0 

13.8 

27.8 

0.496 

18b 

.108 

3.11 

2.45 

l$.6o 

5.0 

29.62 

.787 

1.39 

83.0 

15.3 

14.8 

23.8 


18c 

.104 

3.10 

2.45 

15-66 

5.1 

29.79 

.788 

1.39 

83.4 

15.1 

13.0 

29.0 

19 a 

.105 

3.09 

2.76 

15.67 

5.1 

29.52 

.894 

1.11 

92.6 

12.5 

13.7 

26, 7 

ill 

19b 

.105 

3.11 

2.75 

15.66 

5.0 

29.54 

.885 

1.13 

91.8 

12.5 

12.6 

26.9 

19c 

.106 

3.12 

2.76 

15.66 

5.0 

29.54 

.885 

1.13 

91.8 

12.5 

12.6 

27.1 

.1*65 

.358 

20a 

.104 

3-11 

3.06 

15.65 

5.0 

29.91 

.983 

.92 

103.1 

9-9 

9.1 

25.4 

20b 

.104 

3.13 

3.06 

15-71 

5.0 

30.06 

• 979 

, *53 

10 2. 9 

10.0 

10.2 

25.0 

.4o8 - 

21s 

.103 

3.58 

1.08 

18.19 

5-1 

34.66 

.303 

4-39 

54.6 

35-3 

32.6 

34-2 

.953 

21b 

.105 

3.58 

1.08 

18.13 

5-1 

34.10 

.502 

.402 

4.39 

53.8 

36.5 

33-7 

35-5 

• 949 

22a 

.104 

3-59 

1.44 

18.10 

5.0 

34.53 

3.72 

59.2 

30.2 

28.4 

30.1 

• 943 

22b 

.105 

3.63 

1.45 

18.10 

5.0 

34.56 

• 399 

3.74 

59.0 

30.3 

30.5 

31.7 

.962 - 

23a 

.104 

3.62 

1.79 

18.19 

5.0 

34.65 

.493 

2.95 

66.6 

23.7 

22.8 

28.4 

.803 

23 b 

.106 

3-59 

1.79 

1.81 

13.15 

5.0 

33.86 

•499 

2.90 

65.7 

24.4 

23.0 

28.6 

.804 • 

23c 

.106 

3.60 

18.15 

5.0 

34.00 

.502 

2.88 

66.2 

24.1 

22.3 

29.8 

• 748 
.600 

24 a 

.105 

3.61 

2.15 

18.15 

5.0 

34.40 

.596 

2.22 

p 

13.2 

16.5 

27.5 

2l+b 

.106 

3.62 

2.13 

18.13 

5.0 

34.08 

.588 

2.28 

19.0 

16.9 

28.3 

ill 

24c 

.105 

3.62 

2.15 

18.15 

5.0 

34.44 

.593 

2.25 

76.2 

18.4 

17.5 

28.4 

25a 

. 105 

3.61 

2.51 

18.17 

5.0 

34.33 

.697 

1.71 

86.8 

14.O 

13.0 

14.? 

26.0 

.498 

25b 

.106 

3.60 

2.50 

18.18 

5.0 

54.05 

.694 

1.73 

35.8 

14.4 

25.9 

*575 

25° 

.104 

3.56 

2.55 

18-17 

5-1 

34.11 

.717 

1.63 

88.3 

13.5 

14.4 

26.6 

.541 

2oa 

.105 

5.63 

2.87 

18.16 

5.0 

34.52 

• 792 

1-37 

97.4 

11.1 

10.0 

25.2 

♦ 397 

26b 

.105 

3.60 

2.87 

18.16 

5-1 

34.14 

.798 

1.36 

96.8 

11.3 

10.4 

25.3 

.411 


a For values of see figure 2. 


kyyrr^ct 2 


y cr _ 
n ^(l-n 2 )^ 2 ' 


vO 


where E c = 10,700 ksi and = 0.3 
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TABLE 3.- DIMENSIONS AND TEST RESULTS FOR CHANNEL-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued 



a For values of k w , see figure 2. 

b — _ kwtr^Bct 2 > where E = 10,700 ksi and [i = 0.3 . 
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TABLE 3.- DIMENSIONS AND TEST RESULTS FOR CHANNEL-SECTION 
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Concluded 


Column 

t 

(In. ) 

bu/ 

(In.) 

bp 

(in.) 

L 

(in.) 

L/b w 

V‘ 

V»w 

(») 

b l t |l2(l-n) 2 

q cr 

T) 

(ksi) 

< b ) 

°cr 

(ksi) 

°max 
(ksi ) 

Ocr 

°max 

nr k « 

Cross grain 

la 

0.105 

3.30 

1.98 

16.50 

5.0 

31.35 

0.602 

2.19 

70.0 

21.5 

21.8 

30.2 

0.723 

lb 

.105 

3-31 

1.98 

I6.5O 

5.0 

31.63 

•599 

2.20 

70.5 

21.3 

21.5 

30.0 

.716 

lc 

.106 

3.30 

1.98 

16.1+8 

5.0 

31.28 

.600 

2.20 

69.7 

21.7 

22.3 

30.2 

.739 

2a 

.105 

2.1+9 

1.1+7 

12.31 

1+.9 

23.76 

.590 

2.28 

52.0 

39.1 

36.3 

38.6 

•951 

2b 

.105 

2.1+8 

1.1+8 

12.31 

5.0 

23.67 

•597 

2.22 

52.5 

38.3 

36.2 

38.5 

.91+1 

2c 

.105 

2.1+7 

1.1+8 

12.32 

5-0 

23.55 

.598 

2.22 

52.2 

38.7 

37.1+ 

39.1 

•957 

5® 

.105 

2.00 

1.21 

10.59 

5.2 

19.01+ 

.605 

2.18 

42.6 

58.2 

1+1+.9 

1+7.1 

• 95l+ 

5b 

.105 

2.00 

1.20 

10.1+0 

5.2 

19.11+ 

.601 

2.20 

1+2.7 

58.0 

1+1+.6 

1+7-1+ 

.91+1 

5c 

.IOI4. 

2.00 

1.21 

10.1+1 

5-2 

19.12 

.60I+ 

2.18 

42.8 

57.7 

1+1+.6 

1+6-5 

•959 

lit 

.106 

1.76 

1.05 

7.97 

1+.5 

16.71 

.592 

2.2 5 

36.8 

77.9 

51.4 

53.2 

.966 

kb 

.106 

1.76 

1.06 

8.00 

1+.5 

16. 69 

•598 

2.22 

37.0 

77.0 

51.1+ 

53-0 

.970 

kc 

.106 

1.77 

1.01+ 

8.00 

1+.5 

16.73 

.591 

2.2 7 

36.7 

78.5 

50.7 

53.1+ 

.91+9 


a For values of k w , 
b gr cr _ kw^Egt 2 

ti 12 d-^ 2 )^ 2 


see figure 2. 

where B c = 10,700 kai and 


= 0.5* 
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Fig. 1 




figure I. - Cross sections of 2-and channel- 
section columns. 


NACA ARR No. L5F01 


Fig. 2 



igure 2. -Values of k w for Z- and channel- section 

columns of uniform thickness (from reference 3). 
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NACA ARR No. L5F01 


Fig. 3a, b 



(a) Unassembled. 



(b) Assembled with Tuckerman optical strain gage in 
place on specimen. 

Figure 3.- Fixture for obtaining compressive stress-strain 

curves of flat sheet. 





(a) Unassembled. (b) Assembled with Tuckerman optical 

strain gage attached. 

Figure 4.- Fixture for obtaining compressive stress-strain curve of bent material 

from corner of Z- or channel-section column. 


O' 
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NACA ARR No. L5F01 Fig* 4a, 




>JACA ARR No. L5F01 


Fig. 5 




Figure 5.- End fixtures and setup for thin-strip column test 
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Fig. 6 



i 
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Figure 6r Typical cross - sectional distortion 
of columns that develop local instability. 


NACA ARR No. L5F01 


Fig. 7 


f 



Figure 7.- Z-section column under test for study of 
instability of plates. 


L 


Average stress 


NACA ARR No. L5F01 


Fig. 8 



Cross - sectional distortion 
(Pointer displacement) 

Figure 8.- Illustrative stress - distortion curve for 
determination of critical stress for Z - or channel - 
section columns loaded in compression . 
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Figure 9. - Compressive stress-strain curves for 24S-T aluminum-alloy flat sheet. 
(Curves A % B, C> etc. are identified in tablet.) 
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Stress , Ksi 


NACA ARB No. L5F01 


Fig. 10 



Figure 10. Effect of forming on compressive 
stress - strain curves for 24S-T aluminum - 
alloy Z- section; t = 0.125 inches . 
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Figure II. - Column 

curves for Z45-T aluminum- 

alloy sheet. 
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NACA ARR No. L5F01 


Fig. 12 



Figure 12..- Variation of T and T) with stress for 
2.4S-T aluminum - alloy sheet, (rj obtained from 
tests of formed columns.) 



oq 


Figure 13.- Plate -buckling curve tor 245 -T aluminum -alloy sheet loaded in 
the with-grain direction , obtained from tests of formed columns-, a cr 44ksi . 
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NACA ARR No. L5F01 


Fig. 14 



Figure 14. Variation of a cr with o cr /Vj for plates of 24S-T 

a k+ m,n i ,n ? a i 0y i loaded in the with-qrain direction 

obtained from tests of formed columns •, a cy = 44ksi . 




Figure 15.- Variation of a cr with Ocr/^mox for formed 24 5 -T aluminum -alloy columns 
loaded in the with-grain direction-, a cy =44ksi . 
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Figure 16-Variation of CT ma x with o c r/i) for formed 24S-T aluminum- alloy columns 
loaded in the with-grain direction; Ocy-44ksi. 


NACA ARR No. L5F0] Fig. 16a, 




Figure 17. - Comparison of compressive strength of formed Z - section columns loaded in the 
w j iJ ra ' n j°i cross-grain directions. With-grain curves are taken from fiqures 14 
and lo , and test points are for the cross -grain direction . 
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Figure 18. - Comparison of compressive strength of formed channel -section columns loaded in the 
with -grain and cross -grain directions. With -grain curves are taken from figures 14 and 16, 
and test points are for the cross -grain direction. 


I— *• 
oq 


00 

P 

C 


UrtCA ARR No. L5F01 


NACA ARR No. L5F01 


Fig. 19 



O .2 .4 h 6 .6 1.0 

P F 

b w NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 

Figure 19. - Design chart for a cr for formed Z45~T 
aluminum - alloy Z~ and channel -section columns that 
develop local instability loaded in the with -grain 
direction; cr c ^ =44ksi. 
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Fig. 20 



Figure 20.- Design chart for rn max for formed 24S-T 
aluminum - alloy Z- section columns that develop local 
instability loaded in the w/th-grain direction • a" C y = 44ksi . 
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Figure 21. - Design chart for cr mQ)< for formed 24S-T 
aluminum - alloy channel - section columns that develop 
local instability loaded in the with -grain direction j 
cr C y s 44 ksi . 


